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Abstract: Exposure to A^-methyl-D-aspartate (NMDA) receptor antagonists has been 
demonstrated to induce neurodegeneration in newborn rats. However, in clinical practice 
the use of NMDA receptor antagonists as anesthetics and sedatives cannot always be 
avoided. The present study investigated the effect of the indirect cholinergic agonist 
physostigmine on neurotrophin expression and the extracellular matrix during NMDA 
receptor antagonist induced injury to the immature rat brain. The aim was to investigate 
matrix metalloproteinase (MMP)-2 activity, as well as expression of tissue inhibitor 
of metalloproteinase (TIMP)-2 and brain-derived neurotrophic factor (BDNF) after 
co-administration of the non-competitive NMDA receptor antagonist MK801 (dizocilpine) 
and the acetylcholinesterase (AChE) inhibitor physostigmine. The AChE inhibitor 
physostigmine ameliorated the MK801 -induced reduction of BDNF mRNA and protein 
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levels, reduced MK801 -triggered MMP-2 activity and prevented decreased TIMP-2 mRNA 
expression. Our results indicate that AChE inhibition may prevent newborn rats from 
MK801 -mediated brain damage by enhancing neurotrophin-associated signaling pathways 
and by modulating the extracellular matrix. 

Keywords: developing brain; NMDA receptor; MK801; acetylcholinesterase; 
extracellular matrix; BDNF; neuroprotection 



1. Introduction 

The effects of pharmacological agents, which are frequently used as sedatives and anesthetics in 
neonatal intensive care units, are partially based on their ability to reduce neuronal excitability by 
blocking //-methyl-D-aspartate (NMDA) receptor neurotransmission [1-3]. The "brain growth spurt" 
period is characterized by comprehensive neurogenesis and synaptogenesis during the third trimester 
of pregnancy up to a two-year postnatal period in the human brain [4,5]. Neonatal treatment with the 
non-competitive NMDA receptor antagonist MK801 (dizocilpine) is associated with activation of 
apoptotic cell death, inflammation, oxidative stress, dysregulation of neuronal circuit formation, 
impairment of cell proliferation, inhibition of neurogenesis and down-regulation of neurotrophins [6-11]. 
Recent studies have showed that ketamine a commonly used intravenous anesthetic in clinical 
anesthesia, which exerts its function as a non-competitive NMDA receptor antagonist can affect 
neuronal growth and development and even induce apoptosis [12-17]. Besides its enzymatic activity to 
hydrolyze acetylcholine [18], the protein acetylcholinesterase (AChE; EC 3.1.1.7) has non-cholinergic 
functions as it has been shown to be crucial for cell adhesion, neurite formation, axonal outgrowth, 
neuronal migration and synaptogenesis [19-23]. Cholinesterase inhibitors are able to ameliorate 
impaired working memory in adult rats and behavioural deficits in adult mice induced by MK801 
(dizocilpine) [24,25]. We have previously demonstrated a neuroprotective effect of AChE inhibition in 
a neonatal rat model of oxygen toxicity [26]. These findings led to the question of whether 
administration of the prototypical AChE inhibitor, physostigmine, might regulate mechanisms of 
NMDA receptor antagonist-induced neurodegeneration in the developing brain. 

Recent studies have shown that AChE inhibitors significantly increase levels of brain-derived 
neurotrophic factor (BDNF) in serum of Alzheimer's disease patients and in mice after transient 
cerebral ischemia and reperfusion [27,28]. BDNF plays an essential role in neuronal survival, 
neurogenesis, synaptic plasticity, learning and memory [29-32]. In humans, BDNF levels were found 
to be highest in neonates with a specific BDNF increase in serum levels from birth to day four, 
possibly reflecting neuroprotection against perinatal stress and hypoxia [33,34]. 

Matrix metalloproteinases (MMPs) are involved in brain damage but also repair mechanisms in 
different diseases of the central nervous system (CNS) such as stroke, traumatic brain injury, 
Alzheimer's disease, and multiple sclerosis via modulation of the blood-brain barrier permeability, 
resulting in neurovascular dysfimction and vasogenic edema [35^3]. MMPs regulate tissue 
inflammation in response to oxidative stress [44,45] and MMP-2 has also been shown to play a role in 
neuronal damage [46,47]. However, MMPs and other proteases may also play beneficial roles in the 
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delayed phases after injury by modulating the extracellular matrix (ECM) and trophic factors in the 
brain and at the neurovascular interface [45,48]. The biological activity of MMPs is regulated by 
transcription, activation of proenzymes, and physiological inhibition by tissue inhibitors of 
metalloproteinases (TIMPs), a family of multifunctional secreted proteins that regulate the cell cycle in 
various cell types [43,49,50]. 

In the present study, neonatal rats were co-treated with the AChE inhibitor physostigmine, in 
combination with the non-competitive NMDA receptor antagonist, MK801. Molecular effects of 
neonatal NMDA receptor blockade in the developing rat brain with a focus on neurotrophin BDNF 
expression and modulation of the extracellular matrix were investigated. 

2. Results and Discussion 

2.1. Results 

2.1.1. Physostigmine Normalizes A^-Methyl-D-aspartate (NMDA) Receptor Antagonist-Induced 
Increase of Acetylcholinesterase Activity 

As acetylcholinesterase is rapidly modulated under a variety of stress conditions and is induced 
during cell death [26,5 1-54], we investigated the regulation of AChE activity after administration of 
the non-competitive NMDA receptor antagonist MK801 (0.5 mg/kg at 0, 8, and 16 h) and the AChE 
inhibitor physostigmine (100 |xg/kg at 0 h) to the immature rat brain. A marked up-regulation of AChE 
activity in brain hemispheres of rat pups at 6 (47.63 + 0.24 U/mg protein), 12 (43.50 + 1.87 U/mg protein) 
and 24 h (46.13 + 1.92 U/mg protein) after the last MK801 treatment (dark grey bars) was detected 
(Figure 1). In the brains of the co-treated animals, enzymatic activity was normalized to levels of vehicle 
treated control animals (white bars) after a single physostigmine administration (light grey bars). 

2.1.2. Acetylcholinesterase (AChE) Inhibition Increases Brain-Derived Neurotrophic Factor 
(BDNF) Expression 

As neonatal MK801 exposure reduces mRNA and protein expression levels of the neurotrophin 
BDNF [6,8], we investigated whether the AChE inhibitor physostigmine might regulate BDNF 
expression after pharmacological NMDA receptor blockade in the developing rat brain. Quantitative 
analysis of mRNA expression by real-time poljmierase chain reaction (PCR) (Figure 2A) revealed a 
significant down-regulation of BDNF mRNA expression in brain hemispheres of rat pups at 
6 (28.3% + 8.7%) and 12 h (57.2% + 8.4%) after MK801 treatment (dark grey bars). A single 
physostigmine co-administration triggered a significant increase of BDNF expression (light grey bars, 
6 h: 105.7% + 10.8%, 12 h: 121.9% + 19.2%, and 24 h: 273.3% + 26.9%). Analysis of BDNF protein 
expression by Western blot was in accordance with real-time PCR results, i.e., protein expression of 
BDNF was considerably reduced at 12 h (50.4% + 11.0%) and a single co-injection of physostigmine 
up-regulated BDNF protein expression (149.3%) + 12.8%), Figure 2B). 
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Figure 1. Normalization of acetylcholinesterase (AChE) activity in MK801 (dizocilpine) 
treated rat pups after physostigmine treatment. AChE activity, determined by an enzymatic 
activity assay revealed a significant increase in AChE activity at 6, 12 and 24 h after 
MK801 treatment (dark grey bars) whereas a single co-application of physostigmine 
significantly reduced AChE activity (light grey bars). Bars represent mean + SD, n = 6 per 
group, ** p < 0.01 compared to vehicle treated pups, ^ p < 0.01 compared to MK801 
treated pups, respectively. Ctrl: control; PHY: physostigmine. 

AChE activity 




+ PHY + PHY + PHY 



Figure 2. Increased brain-derived neurotrophic factor (BDNF) expression after physostigmine 
co-treatment in MK801 treated rat pups. (A) Quantitative analysis of brain BDNF mRNA 
expression at 6, 12 and 24 h after MK801 treatment (dark grey bars) with or without 
systemic physostigmine co-application (light grey bars); and (B) Quantitative protein 
expression of BDNF at 12 and 24 h after MK801 treatment (dark grey bars) in combination 
with AChE inhibition (light grey bars). The densitometric data represent the ratio of the 
pixel intensities of BDNF signals to the corresponding P-actin signals. Data are normalized 
to levels of vehicle treated pups ((control; white bar, 100%); bars represent mean + SD, 
n = 6-7 per group, *** p < 0.001, ** p <0.0l,* p < 0.05 compared to vehicle treated pups, 
< 0.001, ^ p < 0.05 compared to MK801 treated pups, respectively). Ctrl: control; 
PHY: physostigmine. 

A B BDNF protein expression 




+ PHY +PHY +PHY +PHY + PHY 
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2.1.3. Physostigmine Modulates MK801 (Dizocilpine)-Induced Increase of Matrix Metalloproteinase 
(MMP)-2 Activity 

In order to confirm the role of MMP-2 which releases pro-BDNF from cells and converts 
pro-BDNF to mature BDNF [55] as a key protein mediating neuroprotection in brain damage [46,47], we 
further analysed the effect of MK801 treatment and AChE inhibition on MMP-2 activity in the immature 
rat brain. Measurement of gelanolytic MMP-2 activity (Figure 3) showed a significant up-regulation of 
MMP-2 activity in brain hemispheres of rat pups at 12 (512.2% + 100.9%) and 24 h (522.5% + 30.4%) 
after NMD A receptor blockade (dark grey bars). A single physostigmine co-application strongly 
counter-regulated this effect (light grey bars, 12 h: 171.2% + 10.7%, 24 h: 215.5% + 14.1%). 

Figure 3. Increased matrix metalloproteinase (MMP)-2 activity after MK801 treatment is 
ameliorated through AChE inhibition. Gelanolj^c MMP-2 activity, determined by gelatin 
zymography revealed a significant increase in MMP-2 activity at 12 and 24 h after MK801 
treatment (dark grey bars) whereas a single co-administration of physostigmine significantly 
reduced MMP-2 activity (light grey bars). Data are normalized to levels of vehicle treated 
pups ((control; white bars, 100%); bars represent mean + SD, n = 6 per group, *** p < 0.001 
compared to vehicle treated pups, 0.001, p < 0.01 compared to MK801 treated 

pups, respectively). Ctrl: control; PHY: physostigmine. 

MMP-2 activity 

12 h 24 h 




Ctrl MK801 MK801 Ctrl MK801 MK801 
+ PHY * PHY 



2. 1 .4. NMDA Receptor Antagonist Mediated Reduction of Tissue Inhibitor of Metalloproteinase-2 
(TIMP-2) Expression Is Increased by Physostigmine Co-Treatment 

The enzymatic activity of MMPs is inactivated by the endogenous inhibitors TIMPs. As TIMP-2 is 
reported to be a physiologic inhibitor of MMP-2 [43], we investigated the mRNA expression oi TIMP-2 
after treatment with MK801 and co-administration of the AChE inhibitor physostigmine in the 
developing rat brain. Quantitative analysis of TIMP-2 mRNA expression by real-time PCR (Figure 4) 
showed a significant down-regulation of TIMP-2 mRNA expression in the brain of rat pups at 
12 (50.9% + 5.2%) and 24 h (31.9% + 3.1%) following MK801 tieattnent (dark grey bars). A single 
physostigmine co-application triggered a significant increase of TIMP-2 expression (light grey bars, 
12 h: 139.3% + 15.0%, 24 h: 132.7% + 11.1%). 
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Figure 4. Stabilization of TIMP-2 mRNA expression after AChE inhibition in MK801 
treated rat pups. Quantitative analysis of brain TIMP-2 mRNA expression after MK801 
treatment (dark grey bars) with or without physostigmine co-application (light grey bars). 
Data are normalized to levels of vehicle treated pups ((control; white bar, 100%); bars represent 
mean + SD, n = 6 per group, *** p < 0.001 compared to vehicle treated pups, ^ p < 0.001 
compared to MK801 treated pups, respectively). Ctrl: control; PHY: physostigmine. 

TIMP-2 mRNA expression 




Ctri MK801 MK801 MK801 

+ PHY + PHY + PHY 



2.2. Discussion 

The present study demonstrates that a single co-administration of the AChE inhibitor physostigmine 
to neonatal rats modulates the expression of the neurotrophin BDNF and leads to the regulation of 
the extracellular matrix associated molecules MMP-2 and TIMP-2 in the developing brain after 
pharmacological NMDA receptor blockade. Several groups reported previously that exposure of the 
rodent brain to NMDA receptor antagonists, including MK801, during a critical period of development 
causes massive apoptotic neurodegeneration in cortical areas (frontal, retrosplenial, parietal, cingulate 
cortices), basal ganglia, hippocampus, hypothalamus, and subiculum of the developing brain [1,6,8,56]. 
Vulnerability to this type of neurotoxicity is maximal during the first postnatal week of the rat. 
In line with these findings, we previously demonstrated that depletion of neurotrophin-associated 
signaling is an essential mechanism underlying MK801 -induced apoptotic neurodegeneration in the 
developing rat brain [6,8]. 

Physostigmine, the pharmacological active component of Calabar beans, is considered to be 
the prototypical AChE inhibitor [57]. Since we have recently demonstrated a neuroprotective effect of 
physostigmine in a neonatal rat model of oxygen toxicity [26] we investigated whether this 
pharmacological intervention might also regulate mechanisms of NMDA receptor-induced 
neurodegeneration. Physostigmine is used especially for treatment of myasthenia gravis and 
glaucoma [58], reduces diisopropyl fluorophosphate-induced mortality [59] and improves survival in 
a model of experimental sepsis [60]. AChE inhibitors enhance the concentration of synaptic 
acetylcholine, thus improving interaction between neurons of the cholinergic system. Besides this 
symptomatic mechanism of action there is growing evidence that AChE inhibitors have 
neuroprotective properties and thereby a damage modifying potential [26,51,61,62]. Administration of 
AChE inhibitors increases BDNF serum concentrations in Alzheimer's disease patients reaching 



Int. J. Mol. Sci. 2014, 15 



3790 



control levels and in mice after transient cerebral ischemia and reperfusion [27,28]. BDNF belongs 
to the family of nerve growth factors and plays an important role in neuronal survival, differentiation, 
and synaptic plasticity in the central nervous system. MK801 exposure induces a transcriptional 
down-regulation of BDNF mRNA in the neonatal rat brain and leads to a loss of BDNF mRNA levels 
in cultured immature neocortical neurons; whereas BDNF supplementation fully prevented this 
neurotoxic effect [8]. The impact of physostigmine in this model of pharmacological NMD A receptor 
blockade indicates that AChE inhibitors have the potential to enhance neurotrophin signaling by 
an increase of BDNF levels in the developing rat brain. Interestingly, in the presented work 
(data not shown) and in other studies of oxygen toxicity in the developing brain [26] and adult rats 
following hypoxia [63], there was no inhibition of AChE activity under control conditions. A possible 
explanation may be the effect of microRNAs as regulators of cholinergic pathways by targeting 
neuronal AChE activity under physiological conditions [64-66]. 

Cortical cell cultures incubated with MMP-2 showed decreased levels of pro-BDNF and increased 
levels of mature BDNF, suggesting that MMP-2 can mediate the conversion of BDNF [55]. Indeed, the 
physostigmine-induced increase in BDNF expression coincided with increased enzymatic activity of 
MMP-2 after non-competitive NMDA receptor blockade. Additionally, in cerebral ischemia, large 
elevations in MMP-2 activity levels were observed as well [36,41]. Our findings are consistent with 
other studies detecting an increase of MMP-2 after traumatic brain injury, hypoxia-ischemia and an 
ischemia reperfusion model [67-69] in the injured brain. In contrast, Uckermann et al. did not detect 
any changes in MMP-2 mRNA or protein expression after treatment with MK801 in the immature 
brain [70]. These differences can be explained by the higher amount of MK801 administrated in the 
experimental procedures and the higher protein concentration used in the gelanolj^ic MMP-2 activity 
analysis in our study, respectively. 

The enzjmiatic activity of MMP-2 is inactivated by TIMP-2 as pro-MMP-2 forms a complex with 
TIMP-2, which is cleaved by MMP-14 to activate pro-MMP-2 on the cell surface [43]. In agreement 
with our results, decreased expressions of TIMP-2 levels were demonstrated after traumatic brain 
injury in the immature rat brain [69]. 

Our findings are highly relevant from a clinical point of view because compounds acting as NMDA 
receptor antagonists are frequently applied as sedatives and anesthetics in neonatal, pediatric and 
obstetric medicine. Based on our findings, we hypothesize that AChE inhibition may be suitable as a 
preventative neuroprotective strategy in neonatal medicine to counteract toxicity in cases where 
administration of NMDA receptor blockers cannot be substituted. 

3. Experimental Section 

3.1. Animals and Experimental Procedure 
3.1.1. Drug Treatment 

Sex-matched Wistar rat pups (Charite-Universitatsmedizin Berlin, Berlin, Germany), six-day-old 
(P6), weighing 10-16 g, received intraperitoneal (i.p.) injections of the non-competitive NMDA 
receptor antagonist dizocilpine ((+)MK801, Tocris, Bristol, UK; 0.5 mg/kg 0, 8, and 16 h) or vehicle in 
combination with physostigmine (100 |xg/kg Anticholium®, Dr. Franz Kohler Chemie, Alsbach-Hahnlein, 
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Germany) at 0 h. All procedures were approved by the local state authorities for animal welfare and 
followed institutional guidelines. 

3.1.2. Tissue Sampling 

Six, twelve or twenty four hours following the last injection of MK801, Wistar rat pups 
(n = 6-8 per group) were anesthetized with an i.p. injection of ketamine (50 mg/kg) and xylazine 
(10 mg/kg) and were transcardially perfused with normal saline solution. After decapitation the 
olfactory bulb and cerebellum were removed, brain hemispheres were snap-frozen in liquid nitrogen 
and stored at -80 °C until further analysis (AChE activity assay, quantitative real-time PGR and 
gelatin zymography). 

3.2. AChE Activity Assay 

AGhE activity was measured using the Amplex® Red Acetylcholine/ Acetylcholinesterase Assay kit 
(Invitrogen, Karlsruhe, Germany). For the measurement of AGhE activity, 0.1 mL of protein extract 
(2 i^g proteins per sample in assay buffer) was spotted in duplicate into 96-well microplates. An AGhE 
standard curve was used in each experiment. In each well, 0.1 mL assay buffer (50 mM Tris-HGl, 
pH 7.5) containing 0.4 mM Amplex Red reagent, 2 U/mL horseradish peroxidase, 0.2 U/mL choline 
oxidase, and 0. 1 mM acetylcholine was added. After incubation, the fluorescence was determined in a 
fluorescence microplate reader (Infinite® M200, Tecan, Grailsheim, Germany) using 560 nm excitation 
and 590 nm emission wavelength. The enzymatic activity was determined using the software provided 
by the manufacturer (Magellan V 6.3, Tecan) and expressed as units per milligram protein. 

3.3. Semiquantitative Real-Time PCR 

Total cellular RNA was isolated from snap-frozen tissue by acidic phenol/chloroform extraction and 
DNase I freated (Roche Diagnostics, Mannheim, Germany); 2 \ig of RNA was reverse franscribed with 
Moloney murine leukemia virus reverse franscriptase (Promega, Madison, WI, USA) in 25 |a.L of 
reaction mixture. The resulting cDNA (1 |xL) was amplified by real-time PGR. The PGR product 
of BDNF and TIMP-2 was quantified in real-time, using a dye-labeled fluorogenic reporter 
oligonucleotide probe and gene specific primers (Table 1). All probes were labeled at their 5' ends 
with the reporter dye 6-carboxy-fluoresceine (FAM), at their 3' ends with the quencher dye 
6-carboxy-teframethylrhodamine (TAMRA) and were purchased from Metabion (Munich, Germany). 
P-actin was used as internal standard. Real-time PGR and detection were performed in triplicate and 
repeated three times for each sample using a total reactive volume of 13 |j,L which contained 6.5 \\L of 
2x TaqMan Universal PGR Master Mix (Applied Biosystems, Foster Gity, GA, USA), 2.5 of 
1.25 |j,M oligonucleotide mix, 0.5 |j,L (0.5 |aM) of probe (Metabion). The PGR amplification was 
performed in 96-well optical reaction plates for 40 cycles with each cycle at 94 C for 15 s and 60 C 
for 1 min. Each plate included at least three "no template controls". The expression of BDNF, TIMP-2 
and p-actin was analyzed with the real-time PGR ABI Prism 7500 sequence detection system (Applied 
Biosystems) according to the 2"^^*^' method [26]. 
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Table 1. Sequences of oligonucleotides and gene locus. 



Gene Oligonucleotide sequences 5'-3' 





Forward 


TCAGCAGTCAAGTGCCTTTGG 




BDNF 


reverse 


CGCCGAACCCTCATAGACATG 


M61175 




probe 


CCTCCTCTGCTCTTTCTGCTGGAGGAATACAA 






Forward 


GGCAACCCCATCAAGAGGAT 




TIMP-2 


reverse 


GGGCCGTGTAGATAAATTCGAT 


NM_021989 




probe 


AGATGTTCAAAGGACCTGAC 






Forward 


GTACAACCTCCTTGCAGCTCCT 




P-actin 


reverse 


TTGTCGACGACGACGGC 


NM_031144 




probe 


CGCCACCAGTTCGCCATGGAT 





3.4. Immunoblotting 

Snap-frozen tissue was homogenized in RIPA (radioimmunoprecipitation assay) buffer (1% NP40, 
0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM Na3V04, 20 mM NaF, 
0.5 mM DTT, 1 mM PMSF and protease inhibitor cocktail in PBS pH 7.4). The homogenate was 
centrifuged at 1050x g (4 °C) for 10 min, and the microsomal fraction was subsequently centrifuged at 
17,000x g (4 °C) for 20 min. After collecting the supernatant, protein concentrations were determined 
using the bicinchoninic acid kit (Interchim, Montlu9on, France). Protein extracts (25 jxg per sample) 
were denaturated in Laemmli sample loading buffer at 95 °C, separated by 15% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and electrotransferred in transfer buffer to a nitrocellulose 
membrane (0.2 |a,m pore, Protran; Schleicher & Schiill, Dassel, Germany). Nonspecific protein binding 
was prevented by treating the membrane with 5% nonfat dry milk in Tris-buffered saline/0. 1%) Tween 20 
for 2 h at room temperature. Equal loading and transfer of proteins was confirmed by staining the 
membranes with Ponceau S solution (Fluka, Buchs, Switzerland). The membranes were incubated 
overnight at 4 C with rabbit polyclonal anti-BDNF (14 kDa; 1:500; Santa Cruz Biotechnology, 
Heidelberg, Germany). Secondary incubations were performed with horseradish peroxidase-linked 
anti-rabbit (1:2000; Amersham Biosciences, Bucks, UK) antibody. Positive signals were visualized 
using enhanced chemiluminescence (ECL; Amersham Biosciences) and quantified using a ChemiDoc''"'^ 
XRS+ system and the software Quantity One® (Bio-Rad, Munich, Germany). Membranes were 
stripped, then washed, blocked and reprobed overnight at 4 C with mouse anti-P-actin monoclonal 
antibody (42 kDa; 1:10,000; Sigma- Aldrich, Taufkirchen, Germany). 

3.5. Gelatin Zymography 

Snap-frozen tissue was homogenized in working buffer (150 mM NaCl, 5 mM CaCb, 0.05% Brij 35, 
1% Triton X-100, 0.02% NaNs, 50 mM Tris-HCl pH 7.4) on ice. Homogenate was centrifuged at 
12,000x g for 5 min and the protein concentration of the supernatant was measured with a 
bicinchoninic acid assay (fnterchim). 500 |j,g of protein were used for enzyme enrichment and 
purification with Gelatin Sepharose™ 4B (GE Healthcare, Uppsala, Sweden) and eluted in 150 |j,L 
working buffer containing 10%) dimethylsulfoxide. Subsequently samples were loaded on a 1.5% SDS 
polyacrylamide gel embedded with 0.1 %> gelatin and electrophoresis was carried out at 120 V for 2 h at 
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4 °C. Following electrophoresis, the gel was washed twice for 15 min with 2.5% Triton X-100 to remove 
SDS and to re-nature the gelatinases. For activation of the enzymes, the gel was incubated in substrate 
buffer (5 mM CaCb, 25 ZnCb, 5% Triton X-100, 0.1% NaNa, 250 mM Tris-HCl pH 7.4) for 24 h 
at 37 C with gentle shaking. The gel was stained with Coomassie Blue R250 in 10% acetic acid and 
30%) methanol for 2 h and destained briefly in the same solution without dye until white bands 
representing proteolj^ic activities were clearly visible. The gel was stabilized in 5% glycerol and 20% 
methanol for 15 min. Quantification of MMP-2 band density was carried out using a ChemiDoc™ 
XRS+ system and the software Quantity One® (Bio-Rad). 

3.6. Statistical Analysis 

Data were analyzed using GraphPad Prism 6 (GraphPad Software, La JoUa, CA, USA) and are 
presented as mean values + standard deviation (SD). Group effects were assessed by One-way analysis 
of variance (ANOVA) followed by Bonferroni post-hoc test, /^-values of <0.05 were considered 
statistically significant. 

4. Conclusions 

The present study suggests that AChE may work as a therapeutic target to limit NMDA receptor 
antagonist-induced injury in the developing brain. Our results show that a single co-application of the 
AChE inhibitor physostigmine modulates NMDA receptor blockade-induced changes in the levels of 
BDNF, MMP-2 and TIMP-2. Our findings indicate that additional non-cholinergic ftmctions of AChE 
might be responsible for the effects of pharmacologic NMDA receptor antagonists to the developing brain. 

Acknowledgments 

This work was supported by the German Research Council (DFG KE 1159/2-1) and by the 
Forderverein fiir fiiihgeborene Kinder an der Charite e.V., Berlin. We gratefully thank Dominic 
OBwald and Frank Ziemer for excellent technical assistance. 

Author Contributions 

C.D.S., M.Si. and S.E. conceived and designed the study; I.E., M.Se., J.H., C.H., F.N., B.R., S.E., 
U.F.-M. and M.Si. performed the experiments and analysed the data; LB. and M.Se. wrote the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Ikonomidou, C; Bosch, F.; Miksa, M.; Bittigau, P.; Vockler, J.; Dikranian, K.; Tenkova, T.I.; 
Stefovska, V.; Turski, L.; Olney, J.W. Blockade of NMDA receptors and apoptotic 
neurodegeneration in the developing brain. Science 1999, 283, 70-74. 



Int. J. Mol. Sci. 2014, 15 



3794 



2. Ikonomidou, C; Stefovska, V.; Turski, L. Neuronal death enhanced by A^-methyl-D-aspartate 
antagonists. Proc. Natl. Acad. Sci. USA 2000, 97, 12885-12890. 

3. Jevtovic-Todorovic, V.; Hartman, R.E.; Izumi, Y.; Benshoff, N.D.; Dikranian, K.; Zorumski, C.F.; 
Olney, J.W.; Wozniak, D.F. Early exposure to common anesthetic agents causes widespread 
neurodegeneration in the developing rat brain and persistent learning deficits. J. Neurosci. 2003, 
23, 876-882. 

4. Dobbing, J.; Sands, J. Comparative aspects of the brain growth spurt. Early Hum. Dev. 1979, 3, 
79-83. 

5. Reynolds, J.D.; Brien, J.F. Ethanol neurobehavioural teratogenesis and the role of L-glutamate in 
the fetal hippocampus. Can. J. Physiol. Pharmacol. 1995, 73, 1209-1223. 

6. Dzietko, M.; Felderhoff-Mueser, U.; Sifringer, M.; Krutz, B.; Bittigau, P.; Thor, F.; Heumann, R.; 
Biihrer, C; Ikonomidou, C; Hansen, H.H. Erythropoietin protects the developing brain against 
//-methyl-D-aspartate receptor antagonist neurotoxicity. Neurobiol. Dis. 2004, 15, 177-187. 

7. Haberny, K.A.; Paule, M.G.; Scallet, A.C.; Sistare, F.D.; Lester, D.S.; Hanig, J.P.; Slikker, W., Jr. 
Ontogeny of the //-methyl-D-aspartate (NMD A) receptor system and susceptibihty to neurotoxicity. 
Toxicol. Sci. 2002, 68, 9-17. 

8. Hansen, H.H.; Briem, T.; Dzietko, M.; Sifringer, M.; Voss, A.; Rzeski, W.; Zdzisinska, B.; Thor, F.; 
Heumann, R.; Stepulak, A.; et al. Mechanisms leading to disseminated apoptosis following 
NMDA receptor blockade in the developing rat brain. Neurobiol. Dis. 2004, 16, 440^53. 

9. Hardingham, G.E.; Bading, H. Coupling of extrasynaptic NMDA receptors to a CREB shut-off 
pathway is developmentally regulated. Biochim. Biophys. Acta 2002, 1600, 148-153. 

10. Kaindl, A.M.; Koppelstaetter, A.; Nebrich, G.; Stuwe, J.; Sifringer, M.; Zabel, C; Klose, J.; 
Ikonomidou, C. Brief alteration of NMDA or GABAA receptor-mediated neurotransmission has 
long term effects on the developing cerebral cortex. Mol. Cell. Proteomics 2008, 7, 2293-2310. 

11. Stefovska, V.G.; Uckermann, O.; Czuczwar, M.; Smitka, M.; Czuczwar, P.; Kis, J.; Kaindl, A.M.; 
Turski, L.; Turski, W.A.; Ikonomidou, C. Sedative and anticonvulsant drugs suppress postnatal 
neurogenesis. Ann. Neurol. 2008, 64, 434^45. 

12. Gomes, L.M.; Garcia, J.B.; Ribamar, J.S., Jr.; Nascimento, A.G. Neurotoxicity of subarachnoid 
preservative-free S(+)-ketamine in dogs. Pain Physician 2011, 14, 83-90. 

13. Liu, F.; Paule, M.G.; Ali, S.; Wang, C. Ketamine-induced neurotoxicity and changes in gene 
expression in the developing rat brain. Curr. Neuropharmacol. 2011, 9, 256-261. 

14. Paule, M.G.; Li, M.; Allen, R.R.; Liu, F.; Zou, X.; Hotchkiss, C; Hanig, J.P.; Patterson, T.A.; 
Slikker, W., Jr.; Wang, C. Ketamine anesthesia during the first week of life can cause long-lasting 
cognitive deficits in rhesus monkeys. Neurotoxicol. Teratol. 2011, 33, 220-230. 

15. Shi, Q.; Guo, L.; Patterson, T.A.; Dial, S.; Li, Q.; Sadovova, N.; Zhang, X.; Hanig, J.P.; Paule, M.G.; 
Slikker, W., Jr.; et al. Gene expression profiling in the developing rat brain exposed to ketamine. 
Neuroscience 2010, 166, 852-863. 

16. Zou, X.; Patterson, T.A.; Divine, R.L.; Sadovova, N.; Zhang, X.; Hanig, J.P.; Paule, M.G.; 
Slikker, W., Jr.; Wang, C. Prolonged exposure to ketamine increases neurodegeneration in the 
developing monkey brain. Int. J. Dev. Neurosci. 2009, 27, 727-731. 



Int. J. Mol. Sci. 2014, 15 



3795 



17. Zou, X.; Patterson, T.A.; Sadovova, N.; Twaddle, N.C.; Doerge, D.R.; Zhang, X.; Fu, X.; Hanig, J.P.; 
Paule, M.G.; Slikker, W.; et al. Potential neurotoxicity of ketamine in the developing rat brain. 
Toxicol. Sci. 2009, 108, 149-158. 

18. Soreq, H.; Seidman, S. Acetylcholinesterase-new roles for an old actor. Nat. Rev. Neurosci. 2001, 
2, 294^302. 

19. Bigbee, J.W.; Sharma, K.V. The adhesive role of acetylcholinesterase (AChE): Detection of 
AChE binding proteins in developing rat spinal cord. Neurochem. Res. 2004, 29, 2043-2050. 

20. Bigbee, J.W.; Sharma, K.V.; Chan, E.L.; Bogler, O. Evidence for the direct role of 
acetylcholinesterase in neuiite outgrowth in primary dorsal root ganglion neurons. Brain Res. 
2000, 861, 354^362. 

21. Byers, D.M.; Irwin, L.N.; Moss, D.E.; Sumaya, l.C; Hohmann, C.F. Prenatal exposure to the 
acetylcholinesterase inhibitor methanesulfonyl fluoride alters forebrain morphology and gene 
expression. Dev. Brain Res. 2005, 158, 13-22. 

22. Dori, A.; Cohen, J.; Silverman, W.F.; Pollack, Y.; Soreq, H. Functional manipulations of 
acetylcholinesterase splice variants highlight alternative splicing contributions to murine neocortical 
development. Cereh. Cortex. 2005, 15, 419-430. 

23. Slotkin, T.A.; Ryde, I.T.; Wrench, N.; Card, J.A.; Seidler, F.J. Nonenzymatic role of 
acetylcholinesterase in neuritic sprouting: Regional changes in acetylcholinesterase and choline 
acetyltransferase after neonatal 6-hydroxydopamine lesions. Neurotoxicol. Teratol. 2009, 31, 
183-186. 

24. Csemansky, J.G.; Martin, M.; Shah, R.; Bertchume, A.; Colvin, J.; Dong, H. Cholinesterase 
inhibitors ameliorate behavioral deficits induced by MK-801 in mice. Neuropsychopharmacology 
2005, 30, 2135-2143. 

25. Su, Y.A.; Huang, R.H.; Wang, X.D.; Li, J.T.; Si, T.M. Impaired working memory by repeated 
neonatal MK-801 treatment is ameliorated by galantamine in adult rats. Eur. J. Pharmacol. 2014, 
725, 32-39. 

26. Sifiinger, M.; Bendix, I.; von Haefen, C; Endesfelder, S.; Kalb, A.; Buhrer, C; Felderhoff-Mueser, U.; 
Spies, CD. Oxygen toxicity is reduced by acetylcholinesterase inhibition in the developing rat 
brain. Dev. Neurosci. 2013, 35, 255-264. 

27. Leyhe, T.; Stransky, E.; Eschweiler, G.W.; Buchkremer, G.; Laske, C. Increase of BDNF serum 
concentration during donepezil treatment of patients with early alzheimer's disease. Eur. Arch. 
Psychiatry Clin. Neurosci. 2008, 258, 124-128. 

28. Wang, Z.F.; Tang, L.L.; Yan, H.; Wang, Y.J.; Tang, X.C. Effects of huperzine A on memory 
deficits and neurotrophic factors production after transient cerebral ischemia and reperfusion in 
mice. Pharmacol. Biochem. Behav. 2006, 83, 603-611. 

29. Almli, C.R.; Levy, T.J.; Han, B.H.; Shah, A.R.; Gidday, J.M.; Holtzman, D.M. BDNF protects 
against spatial memory deficits following neonatal hypoxia-ischemia. Exp. Neurol. 2000, 166, 
99-114. 

30. Barco, A.; Patterson, S.L.; Alarcon, J.M.; Gromova, P.; Mata-Roig, M.; Morozov, A.; Kandel, E.R. 
Gene expression profiling of facilitated L-LTP in VP16-CREB mice reveals that BDNF is critical 
for the maintenance of LTP and its sjoiaptic capture. Neuron 2005, 48, 123-137. 



Int. J. Mol. Sci. 2014, 15 



3796 



31. Marini, A.M.; Jiang, X.; Wu, X.; Pan, H.; Guo, Z.; Mattson, M.P.; Blondeau, N.; Novelli, A.; 
Lipsky, R.H. Preconditioning and neurotrophins: A model for brain adaptation to seizures, 
ischemia and other stressful stimuli. Amino Acids 2007, 32, 299-304. 

32. Poo, M.M. Neurotrophins as synaptic modulators. Nat. Rev. Neurosci. 2001, 2, 24—32. 

33. Nikolaou, K.E.; Malamitsi-Puchner, A.; Boutsikou, T.; Economou, E.; Boutsikou, M.; Puchner, K.P.; 
Baka, S.; Hassiakos, D. The varying patterns of neurotrophin changes in the perinatal period. 
Ann. N. Y. Acad. Sci. 2006, 1092, 426^33. 

34. Webster, M.J.; Herman, M.M.; Kleinman, J.E.; Shannon Weickert, C. BDNF and trkB mRNA 
expression in the hippocampus and temporal cortex during the human lifespan. Gene Expr. Patterns 
2006,5,941-951. 

35. Asahi, M.; Wang, X.; Mori, T.; Sumii, T.; Jung, J.C.; Moskowitz, M.A.; Fini, M.E.; Lo, E.H. 
Effects of matrix metaIIoproteinase-9 gene knock-out on the proteolysis of blood-brain barrier and 
white matter components after cerebral ischemia. J. Neurosci. 2001, 21, 7724-7732. 

36. Heo, J.H.; Lucero, J.; Abumiya, T.; Koziol, J.A.; Copeland, B.R.; del Zoppo, G.J. Matrix 
metalloproteinases increase very early during experimental focal cerebral ischemia. J. Cereb. 
Blood Flow Metab. 1999, 19, 624-633. 

37. Lo, E.H.; Dalkara, T.; Moskowitz, M.A. Mechanisms, challenges and opportunities in stroke. 
Nat. Rev. Neurosci. 2003, 4, 399-415. 

38. Lukashev, M.E.; Werb, Z. ECM signalling: Orchestrating cell behaviour and misbehaviour. 
Trends Cell Biol. 1998, 8, AZl^AX. 

39. Montaner, J.; Alvarez-Sabin, J.; Molina, C; Angles, A.; Abilleira, S.; Arenillas, J.; Gonzalez, M.A.; 
Monasterio, J. Matrix metalloproteinase expression after human cardioembolic stroke: Temporal 
profile and relation to neurological impairment. Stroke 2001, 22, 1759-1766. 

40. Morita-Fujimura, Y.; Fujimura, M.; Gasche, Y.; Copin, J.C.; Chan, P.H. Overexpression of 
copper and zinc superoxide dismutase in transgenic mice prevents the induction and activation of 
matrix metalloproteinases after cold injury-induced brain trauma. J. Cereb. Blood Flow Metab. 
2000, 20, 130-138. 

41. Romanic, A.M.; White, R.F.; Arleth, A.J.; Ohlstein, E.H.; Barone, F.C. Matrix metalloproteinase 
expression increases after cerebral focal ischemia in rats: Inhibition of matrix metalloproteinase-9 
reduces infarct size. Stroke 1998, 29, 1020-1030. 

42. Shigemori, Y.; Katayama, Y.; Mori, T.; Maeda, T.; Kawamata, T. Matrix metalloproteinase-9 is 
associated with blood-brain barrier opening and brain edema formation after cortical contusion in 
rats. Acta Neurochir. Suppl. 2006, 96, 130-133. 

43. Yong, V.W. Metalloproteinases: Mediators of pathology and regeneration in the CNS. 
Nat. Rev. Neurosci. 2005, 6, 931-944. 

44. Svedin, P.; Hagberg, H.; Savman, K.; Zhu, C; Mallard, C. Matrix metalloproteinase-9 gene 
knock-out protects the immature brain after cerebral hypoxia-ischemia. J. Neurosci. 2007, 27, 
1511-1518. 

45. Zhao, B.Q.; Tejima, E.; Lo, E.H. Neurovascular proteases in brain injury, hemorrhage and 
remodeling after stroke. Stroke 2007, 38, 748-752. 



Int. J. Mol. Sci. 2014, 15 



3797 



46. Munkeby, B.H.; B0rke, W.B.; Bj0mland, K.; Sikkeland, L.I.; Borge, G.I.; Halvorsen, B.; 
Saugstad, O.D. Resuscitation with 100% O2 increases cerebral injury in hypoxemic piglets. 
Pediatr. Res. 2004, 56, 783-790. 

47. Richards, J.G.; Todd, K.G.; Emara, M.; Haase, E.; Cooper, S.L.; Bigam, D.L.; Cheung, P.Y. 
A dose-response study of graded reoxygenation on the carotid haemodjoiamics, matrix 
metalloproteinase-2 activities and amino acid concentrations in the brain of asphyxiated newborn 
piglets. Resuscitation 2006, 69, 319-327. 

48. Zhao, B.Q.; Wang, S.; Kim, H.Y.; Storrie, H.; Rosen, B.R.; Mooney, D.J.; Wang, X.; Lo, E.H. 

Role of matrix metalloproteinases in delayed cortical responses after stroke. Nat. Med. 2006, 12, 
441^45. 

49. Mannello, F.; Gazzanelli, G. Tissue inhibitors of metalloproteinases and programmed cell death: 
Conundrums, controversies and potential implications. Apoptosis 2001, 6, 479-482. 

50. Yong, V.W.; Power, C; Forsyth, P.; Edwards, D.R. Metalloproteinases in biology and pathology 
of the nervous system. Nat. Rev. Neurosci. 2001, 2, 502-51 1. 

51. Kalb, A.; von Haefen, C; Sifringer, M.; Tegethoff, A.; Paeschke, N.; Kostova, M.; Feldheiser, A.; 
Spies, CD. Acetylcholinesterase inhibitors reduce neuroinflammation and -degeneration in the 
cortex and hippocampus of a surgery stress rat model. PLoS One 2013, 8, e62679. 

52. Kaufer, D.; Friedman, A.; Seidman, S.; Soreq, H. Acute stress facilitates long-lasting changes in 
cholinergic gene expression. Nature 1998, 393, 111>-111 . 

53. Meshorer, E.; Erb, C; Gazit, R.; Pavlovsky, L.; Kaufer, D.; Friedman, A.; Glick, D.; Ben-Arie, N.; 
Soreq, H. Alternative splicing and neuritic mRNA translocation under long-term neuronal 
hypersensitivity. Science 2002, 295, 508-512. 

54. Zhang, X.J.; Greenberg, D.S. Acetylcholinesterase involvement in apoptosis. Front. Mol. Neurosci. 
2012, 5, 40-50. 

55. Hwang, J.J.; Park, M.H.; Choi, S.Y.; Koh, J.Y. Activation of the Trk signaling pathway by 
extracellular zinc. Role of metalloproteinases. J. Biol. Chem. 2005, 280, 1 1995-12001. 

56. Dikranian, K.; Ishimaru, M.J.; Tenkova, T.; Labruyere, J.; Qin, Y.Q.; Ikonomidou, C; Olney, J.W. 
Apoptosis in the in vivo mammalian forebrain. Neurobiol. Dis. 2001, 8, 359-379. 

57. Knopman, D.S.; Morris, J.C. An update on primary drug therapies for Alzheimer disease. 
Arch. Neurol. 1997, 54, 1406-1409. 

58. Zhao, B.; Moochhala, S.M.; Tham, S.Y. Biologically active components of physostigma 
venenosum. J. Chromatogr. 2004, 812, 183-192. 

59. Lorke, D.E.; Hasan, M.Y.; Nurulain, S.M.; ShafiuUah, M.; Kuca, K.; Petroianu, G.A. 
Pretreatment for acute exposure to diisopropylfluorophosphate: In vivo efficacy of various 
acetylcholinesterase inhibitors. J. Appl. Toxicol. 2011, 515-531. 

60. Hofer, S.; Eisenbach, C; Lukic, I.K.; Schneider, L.; Bode, K.; Brueckmann, M.; Mautner, S.; 
Wente, M.N.; Encke, J.; Werner, J.; et al. Pharmacologic cholinesterase inhibition improves 
survival in experimental sepsis. Crit. Care Med. 2008, 36, 404^08. 

61. Nordberg, A. Mechanisms behind the neuroprotective actions of cholinesterase inhibitors in 
alzheimer disease. Alzheimer Dis. Assoc. Disord. 2006, 20, S12-S18. 



Int. J. Mol. Sci. 2014, 15 



3798 



62. Takada-Takatori, Y.; Kume, T.; Izumi, Y.; Ohgi, Y.; Niidome, T.; Fujii, T.; Sugimoto, H.; 
Akaike, A. Roles of nicotinic receptors in acetylcholinesterase inhibitor-induced neuroprotection 
and nicotinic receptor up-regulation. Biol. Pharm. Bull. 2009, 32, 318-324. 

63. Muthuraju, S.; Maiti, P.; Solanki, P.; Sharma, A.K.; Amitabh; Singh, S.B.; Prasad, D.; 
Ilavazhagan, G. Acetylcholinesterase inhibitors enhance cognitive functions in rats following 
hypobaric hypoxia. Behav. Brain Res. 2009, 202, 1-14. 

64. Shaked, I.; Meerson, A.; Wolf, Y.; Avni, R.; Greenberg, D.; Gilboa-Geffen, A.; Soreq, H. 
MicroRNA-132 potentiates cholinergic anti-inflammatory signaling by targeting acetylcholinesterase. 
Immunity 2009, 31, 965-973. 

65. Shaltiel, G.; Hanan, M.; Wolf, Y.; Barbash, S.; Kovalev, E.; Shoham, S.; Soreq, H. Hippocampal 
microRNA-132 mediates stress-inducible cognitive deficits through its acetylcholinesterase target. 
Brain Struct. Fund. 2013, 218, 59-72. 

66. Soreq, H.; Wolf, Y. NeurimmiRs: MicroRNAs in the neuroimmune interface. Trends Mol. Med. 
2011,77, 548-555. 

67. Amantea, D.; Corasaniti, M.T.; Mercuri, N.B.; Bernardi, G.; Bagetta, G. Brain regional and 
cellular localization of gelatinase activity in rat that have undergone transient middle cerebral 
artery occlusion. Neuroscience 2008, 152, 8-17. 

68. Chen, W.; Hartman, R.; Ayer, R.; Marcantonio, S.; Kamper, J.; Tang, J.; Zhang, J.H. 
Matrix metalloproteinases inhibition provides neuroprotection against hypoxia-ischemia in the 
developing brain. J. Neurochem. 2009, 777, 726-736. 

69. Sifringer, M.; Stefovska, V.; Zentner, I.; Hansen, B.; Stepulak, A.; Knaute, C; Marzahn, J.; 
Ikonomidou, C. The role of matrix metalloproteinases in infant traumatic brain injury. Neurobiol. Dis. 
2007, 25, 526-535. 

70. Uckermann, O.; Luksch, H.; Stefovska, V.; Hoehna, Y.; Marzahn, J.; Theil, M.; Pesic, M.; 
Gorkiewicz, T.; Gawlak, M.; Wilczynski, G.M.; et al. Matrix metalloproteinases 2 and 9 fail to 
influence drug-induced neuroapoptosis in developing rat brain. Neurotox. Res. 2011, 19, 638-648. 

© 2014 by the authors; licensee MDPl, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



